Objective: Chronic inflammation in HIV-infected individuals drives disease progression and the development of comorbidities, despite viral suppression with combined antiretroviral therapy. Here, we sought evidence that vagal dysfunction, which occurs commonly as part of HIV-associated autonomic neuropathy, could exacerbate inflammation through gastrointestinal dysmotility, small intestinal bacterial overgrowth (SIBO), and alterations in patterns of soluble immune mediators.
Introduction
Chronic HIV infection produces pathologic immune activation, which drives disease progression and contributes to the development of serious comorbid medical conditions, even in the setting of effective combination antiretroviral therapy (CART) [1] . Bacterial translocation across the gastrointestinal tract is a potent antigenic stimulus and is an important mechanism in the generation of HIV-associated chronic immune activation [2] . There are three mechanisms by which HIV infection has thus far been shown to be permissive for gastrointestinal bacterial translocation: disruption of the physical integrity of the mucosal barrier, depletion of CD4 þ T cells resulting in altered mucosal immunity, and changes in the luminal microbiome [3] .
Autonomic neuropathy is a common but underappreciated neurologic complication of HIV, typically occurring in the setting of the more familiar distal symmetric polyneuropathy (DSP) [4] . The clinical manifestations of HIV-associated autonomic neuropathy (HIV-AN) are not yet well described. One important function of the autonomic nervous system is promotion of gastrointestinal motility via cholinergic fibers of the vagus nerve. A potential consequence of vagal nerve fiber loss is slowed motility, particularly in the stomach and proximal small intestine, where vagal contact with enteric neurons is especially rich [5] , and where the migrating motor complex depends on vagal integrity [6] . With slowed motility, there is a propensity for small intestinal bacterial overgrowth (SIBO); this in turn can promote bacterial translocation and drive inflammation [7] [8] [9] . In addition, cholinergic stimulation, such as is provided by an intact vagus nerve, has been shown to modulate gastrointestinal mucosal inflammation [10] [11] [12] [13] and increase mucosal populations of CD4 þ T cell in animal models [13] . However, to our knowledge, these mechanisms have not been studied in CART-treated HIV.
Independent of its effects on gastrointestinal motility, vagal dysfunction could also contribute to chronic inflammation in HIV via direct effects on the immune system. In vitro, cholinergic stimulation reduces the release of inflammatory cytokines from macrophages via stimulation of the a7 nicotinic acetyl choline receptor and subsequent prevention of nuclear factor-kB (NF-kB) pathway activation [14] . An important effect of this pathway, referred to as the cholinergic anti-inflammatory reflex (CAR), is reduced release of high-mobility group box 1 (HMGB-1). HMGB-1 is a potent inflammatory mediator produced in the later stages of sepsis [15] and is also elevated in HIV infection, although this latter literature is more limited [16] . It is currently unknown how deficits in cholinergic signaling due to vagal dysfunction would affect cytokine networks in HIVinfected humans; however, outside the context of HIV, it has been proposed that aberrant NF-kB pathway activation results in hyper-responsiveness of immune cells to antigenic stimuli [17] .
In this cross-sectional, observational study, we sought evidence to support these relationships (as depicted in Fig. 1 ) in a group of 40 participants (18 with vagal dysfunction and 22 controls) with stable, well treated HIV. Specifically, we tested the main hypothesis that, in HIV, vagal dysfunction is associated with SIBO via slowed gastrointestinal motility, and SIBO in turn is associated with systemic inflammation as reflected by increased levels of IL-6. In exploratory analyses, we also measured a panel of 41 additional cytokines (including HMGB-1), to compare cytokine networks in participants with and without vagal dysfunction, focusing on the number and strength of correlations between individual cytokines, the increase of which has been proposed as an indicator of immune hyper-responsiveness in HIV [18] [19] [20] . informed consent. Included participants were HIVinfected adults (!18 years), who were CART treated for a minimum of 3 months, with HIV-1 plasma RNA load of 100 copies/ml or less, and at least one symptom potentially indicative of HIV-AN affecting the gastrointestinal tract (as assessed using the Survey of Autonomic Symptoms, SAS) [21] . Exclusion criteria were another diagnosis known to cause autonomic and/or gastrointestinal dysfunction (e.g., diabetes); use of medications with significant autonomic or gastrointestinal effects, or the ability to interfere with testing (e.g., prokinetics, antibiotics); contraindication to the testing; and urine drug testing positive for stimulants (sympathomimetic), or opiates/opioids (slowed gastrointestinal motility). Given the potential for interference with gastric emptying scintigraphy (GES), participants who were prescribed benzodiazepines were included only if the use was on an as-needed basis and urine toxicology was negative. In addition to these specific criteria, we sought to enrich the sample for participants with vagal dysfunction with a goal of approximately 50% of participants with vagal dysfunction. Accordingly, we specifically sought out participants likely to have vagal dysfunction, such as older patients, and those with prior autonomic testing or known DSP [4] .
Study procedures
Participants were seen for three visits. Visit one consisted of the informed consent process and assessment of eligibility including urine toxicology screening. Nicotine use was prohibited for 24 h prior to each subsequent visit.
Visit two was the autonomic function tests (AFTs), which have been described previously [4, 22] . An individualized plan to delay any potentially interfering medications was developed for each participant. Participants refrain from caffeine use on the morning of testing (confirmed by selfreport). Briefly, AFTs are a standard battery of noninvasive tests [23, 24] , which require about 90 min and include quantitative sudomotor axon reflex testing, heart rate response to deep breathing, Valsalva maneuver, and tilt table testing. The resultant data are compared with age and gender-adjusted norms and summarized as the Composite Autonomic Severity Score (CASS), which includes sudomotor, vagal, and adrenergic subscores [23] .
Visit three took place over two days, one day for assessment of proximal gastrointestinal motility using GES and one for SIBO using glucose breath testing (GBT). Participants were fasting for 12 h prior to each test. In addition, a special diet (no slowly digesting foods) was prescribed on the day prior to GBT. The GES involves ingestion of a standardized radiolabeled meal, followed by acquisition of images of the stomach at 0.5, 1, 2, 3, and 4 h, with the results expressed as a percentage of retained gastric contents at each time point [25] . The diagnosis of SIBO by GBT has been validated based on correlation with aspiration and culture techniques [26] and is based on the principle that hydrogen and methane are not produced by the human body but are produced during fermentation of glucose by gastrointestinal bacteria. Participants exhaled into a standardized apparatus at baseline and then ingested a standardized glucose solution. Repeat breath samples were then collected every 20 min for 180 min, with attention paid to minimization of variability. The samples were analyzed by an external CLIA-certified laboratory (Aerodiagnostics, Lexington, Massachusetts, USA), using gas chromatography (QuinTron Micro Analyzer; QuinTron Instrument Company, Inc., Milwaukee, Wisconsin, USA), with results expressed as parts per million (ppm). SIBO was diagnosed according to consensus guidelines of an increase in methane of at least 10 ppm, or in hydrogen at least 20 ppm [27] . The Composite Autonomic Symptom Scale was also administered [28] . , and IL-9. Quantikine ELISA kits from R and D systems were utilized for quantification of plasma sCD14 and sCD163. Pyrosate Limulus Amebocyte Lysate assay (Associates of Cape Cod, East Falmouth, Massachusetts, USA) was used to detect lipopolysaccharide (LPS), as per the manufacturer's protocol. The limits of sensitivity for this assay are 0.03 EU/ml (3 pg/ml); plasma samples were run in a 1 : 10 dilution in the assay (threshold for detection was 30 pg/ml in the original sample). Additional technical information regarding cytokine analysis is included as a supplemental file, http://links.lww.com/QAD/B250.
Statistical procedures
Participants were classified as having abnormal vagal function if their CASS vagal subscore was at least 1. The primary outcome for the GES was percentage gastric retention at 4 h [25] . For SIBO, we considered both the dichotomous outcome, as defined above, as well as the total increase in summated methane and hydrogen content of the breath (ppm). Participants with and without vagal dysfunction were' compared using chisquare of Fisher's exact tests for categorical variables, as well as Mann-Whitney U or independent samples t test for continuous variables, as appropriate. Due to deviations from the assumption of bivariate normality, Spearman's correlations (r) were used to examine the monotonic relationships between cytokines. All analyses were conducted in SAS 9.4 (Cary, North Carolina, USA) and with a type I error rate of 0.05. R 3.4.1 (R Foundation for Statistical Computing, Vienna, Austria) was used for generation of the heat maps accompanied by dendrograms [78, 79] .
Results

Participant characteristics
We contacted all eligible participants from prior studies [4, 29, 30] , yielding 22 successful recruitments. Fourteen participants were recruited from our institution's primary-care HIV clinic, and four were self-referred. By design, the majority of participants (90%) had a diagnosis of HIV-DSP, and 73% met criteria for HIV-AN (CASS ! 3). Participants with and without vagal dysfunction were similar in terms of demographic and clinical factors (Table 1) .
Vagal dysfunction is associated with slowed gastric emptying and small intestinal bacterial overgrowth Participants with vagal dysfunction had a higher median percentage retention of gastric contents at 4 h (P ¼ 0.043). However, the difference was numerically small (3 vs. 2%) and in the normal range (<10%) for both groups. Only two participants (Fig. 2 ) met criteria for delayed gastric emptying at 4 h, both of whom had vagal dysfunction. Participants with vagal dysfunction were more than twice as likely to have SIBO (72 vs. 32%; x 2 ¼ 6.5; P ¼ 0.01). The median increase in summated methane and hydrogen breath content (indicative of SIBO severity) was more than four times higher in the group with vagal dysfunction: 29 vs. 7 ppm (P ¼ 0.004). Both methane and hydrogen breath content tended to be higher in participants with vagal dysfunction (Fig. 3) . Significantly, although vagal dysfunction was associated with both GES results and SIBO, there were no significant associations between the results of GES and SIBO (P > 0.15). Of note, all of these findings were specific to the vagal aspect of autonomic dysfunction; the total CASS and the sudomotor and adrenergic subscores were not associated with SIBO or gastric emptying (P > 0.25 for all).
Small intestinal bacterial overgrowth is associated with elevated IL-6 levels in peripheral blood Participants with SIBO had 24% higher levels of IL-6 (51.0 vs. 41.1 pg/ml, P ¼ 0.004) and more modestly elevated levels of IFNa and IL-2 (16 and 13%, respectively, P < 0.05 for both). However, we could not document direct evidence of bacterial translocation as the driver of the IL-6 elevation. Consistent with some prior reports in patients with well controlled HIV, LPS was not detected in any of our participants regardless of SIBO status [31, 32] . In addition, there was no evidence of an association between SIBO and sCD14, a marker of macrophage activation commonly used as an indirect measure of translocation [32, 33] . Median sCD14 levels were slightly higher in the SIBO group (2235 vs. 2054 pg/ml) but the difference was not statistically significant (P ¼ 0.565).
Cytokine networks are more tightly correlated in participants with vagal dysfunction: high mobility group box 1 is an exception There were a total of 946 possible bivariate correlations (Spearman's r) between the inflammatory biomarkers we measured. Because of this high number, and the associated high potential for false discovery (type 1 error), none of these bivariate correlations can be considered statistically significant individually. However, overall, a shift to more numerous and stronger positive correlations between cytokines was observed in the group with vagal dysfunction. In this group, 874 (92%) of the bivariate correlations were positive in sign, with 31 correlations being more than 0.80 in magnitude; whereas, in the group with normal vagal function, 719 (76%) of the bivariate correlations were positive in sign, with only four correlations being more than 0.80 in magnitude. These findings are demonstrated visually in the heat maps (Fig. 4) , in which each box represents a bivariate correlation between two biomarkers, with darker bluegreen colors indicating stronger positive correlations.
HMGB-1 was the exception to this pattern, being the only inflammatory mediator that was considerably less correlated with other cytokines in participants with vagal dysfunction. In the group with normal vagal function, HMGB-1 had 10 (24%) bivariate correlations with other cytokines that were negative in sign, compared with 37 (88%) in the group with vagal dysfunction. No other biomarker displayed such a large difference; the closest was sCD163, which had 21 (49%) negative correlations in the vagal normal group and 35 (81%) in the vagal dysfunction group.
Discussion
Consideration of autonomic neuropathy as an important neurologic complication of HIV dates back to the earliest days of the epidemic [34] [35] [36] , although the topic has received sparse attention subsequently, with a few studies documenting mostly mild and subclinical cardiovascular autonomic neuropathy [37] [38] [39] and more recent work demonstrating associations between HIV-AN and medical comorbidites [22, 40, 41] . Study of gastrointestinal manifestations of HIV-AN has been limited to pre-CART anatomical studies demonstrating loss of autonomic fibers in jejunal biopsies from individuals with HIV [42, 43] and a few studies suggesting gastrointestinal dysmotility in HIV [44] [45] [46] [47] . We undertook the present work to provide evidence for the pathways illustrated in Fig. 1 , specifically that vagal dysfunction, which occurs commonly as part of HIV-AN, is associated with abnormal states of inflammation in HIV, either through gastrointestinal mechanisms or via impairment of the CAR [48] .
With regard to the gastrointestinal mechanisms that could link vagal dysfunction with chronic inflammation, we found that that vagal dysfunction was associated with SIBO, and SIBO with elevations in IL-6. We had originally hypothesized that the association between vagal dysfunction and SIBO would be mediated by decreased gastrointestinal motility [7] [8] [9] ; however, this was not the case. A potential explanation is that subtle changes in motility may promote SIBO, but be insufficiently abnormal to be captured by GES, especially given the ability of unmeasured variables such as poor patient preparation to confound results [49] . Alternatively, the main problem may be dysmotility of the small intestine, which we did not measure. Mechanisms other than dysmotility may also be important, such as exacerbation of gastrointestinal mucosal immune abnormalities. Depletion of CD4 þ T cells from the gastrointestinal mucosa is well documented in HIV [50, 51] and might be exacerbated by vagal dysfunction given the ability of cholinergic stimulation to increase the number of gastrointestinal mucosal CD þ cells in animal models [13] .
Given our desire to study relationships between vagal and gastrointestinal dysfunction, we recruited only patients with gastrointestinal symptoms; nonetheless, the high prevalence of SIBO in our participants (50% overall) was surprising, considering that prior studies using similar diagnostic techniques have found SIBO in only 1-4% of healthy controls [52] . The gastrointestinal microbiome has received significant attention in HIV, but most studies focus on colonic flora [53] [54] [55] . Little is known about the microbiome of the proximal gastrointestinal tract in CART-era HIV, which is nearly sterile in healthy populations. To our knowledge, there are only two relevant studies, both of which used aspiration techniques [56, 57] and none using breath tests. The first studied only two HIV-infected patients [56] . The second reported colonization of the duodenum with Proteobacteria in HIVinfected patients as compared with healthy controls [57] . Although such aspiration techniques are considered the gold standard, they have technical limitations and are invasive and not commonly performed in clinical practice [27] . Larger studies, with broader inclusion criteria, will be needed to understand the true prevalence of SIBO in the general HIV-infected patient population. Such studies would be particularly important given our observation that SIBO is associated with IL-6, which has been found to predict mortality during treated HIV infection, even among those with high CD4 þ cell counts, and is also linked to a broad array of medical comorbidities [58, 59] .
In addition to these gastrointestinal mechanisms, we also posited that vagal dysfunction might be linked to immune dysfunction in HIV via disruption of the CAR. Prior evidence for the CAR arises mostly from animal models of sepsis [60, 61] and in-vitro studies of immune cells [14, 62, 63] . Such studies demonstrate that vagal activity/ cholinergic stimulation reduces the inflammatory response to LPS by reducing NF-kB activation and consequently the production of cytokines under its regulation [64, 65] . NF-kB regulates a broad array of cytokines, including the majority of those in our panel [17, 63, [66] [67] [68] [69] , although cholinergic effects have only been demonstrated on a smaller subset (TNF-a, IL-1b, IL-6, IL-12 p40) [64, 65] . Evidence for the CAR in humans is mostly from observational studies in sepsis, which have demonstrated correlations between lower heart rate variability (a reflection of vagal dysfunction) and elevation of individual cytokines such as IL-6 [70] [71] [72] . To our knowledge, a role for the CAR in HIVassociated chronic inflammation has not been documented, although a significant body of literature has examined abnormalities of soluble immune mediators in HIV, most of which focuses on increases in absolute levels of individual molecules and pathways [2, 59, 73, 74] . A much smaller literature describes findings akin to ours with alteration in cytokine networks characterized by increased numbers and the strength of correlations between cytokines of various classes. When detected, this latter phenomenon has been interpreted as maladaptive rigidity in cytokine responses evoked by the antigenic stimulus of chronic viral infection [19, 75, 76] . Although our findings are preliminary, in need of future replication, and do not demonstrate causality, there is a biologically plausible mechanism by which vagal dysfunction could lead to more tightly correlated cytokine networks. Based on the preclinical studies described above, decreased cholinergic stimulation of immune cells (e.g., macrophages) is expected to lower the threshold for NF-kB activation, creating a state of hyper-responsiveness, which could lead to the production of a broad array of inflammatory cytokines in response to antigenic stimulus (e.g., LPS).
HMGB-1 displayed a distinctive pattern in our study, in effect decoupling from other cytokines in our HIVinfected participants with vagal dysfunction. Secreted HMGB-1 acts as a proinflammatory cytokine. It is elevated in patients with HIV [16] and is also a critical mediator in the CAR [14] . Cholinergic stimulation of primary human macrophages reduces extracellular HMGB-1 release in a dose-dependent manner in vitro, and this close regulatory relationship is the primary reason why we chose to focus on HMGB-1 in this study [14] . Additionally, animal models of sepsis have shown that vagal nerve stimulation reduces HMGB-1 levels and improves outcomes [77] . Thus, it is not surprising that vagal function and HMGB-1 might have a unique relationship not shared by other cytokines, although the complexity of the relationship we observed was unexpected. Future studies are needed to confirm this finding and understand its mechanism and clinical significance.
The current study has limitations. First, the sample size is relatively small, the work was conducted at a single center, and all participants were residents of the same geographic area (New York City). Also, our exclusionary criteria, while necessary for the study design, greatly narrowed the pool of potential participants as items such as diabetes and opioid use are very common in our patient population. As this was an initial study, we did not use invasive gastrointestinal diagnostic techniques; thus, we cannot exclude subtle changes in motility or provide any specificity with regard to the bacterial species comprising the SIBO. We also did not test for the presence of Helicobacter pylori infection, which may cause symptoms and also impact inflammation. In addition, given the unexpectedly high rate of SIBO, we had only three participants with vagal dysfunction who did not have SIBO, and so we cannot exclude the possibility that the changes in cytokine patterns in the vagal dysfunction group are due to SIBO or some other unmeasured variable. Also with regard to cytokines, although a comprehensive assay of soluble mediators was used, we did not directly measure monocyte-macrophage cell populations to assess activation of cholinergic pathways and so can only speculate about underlying mechanisms. Finally, and perhaps most importantly, we did not include HIV-negative controls and therefore cannot comment on whether the relationships demonstrated are specific to HIV.
In summary, this study has several important and novel findings, which to our knowledge have not previously been demonstrated. We found that, in the context of HIV, vagal dysfunction was associated with slower gastric emptying and SIBO, and SIBO (which was common even in participants without vagal dysfunction albeit to a lesser extent) was associated with an important marker of inflammation, IL-6. Also, participants with vagal dysfunction displayed a tighter correlation between cytokines overall, with the exception of HMGB-1, which reversed the pattern, becoming more negatively correlated with other cytokines in the setting of vagal dysfunction, particularly the most tightly correlated cytokines. These findings provide evidence that vagal dysfunction has a demonstrable clinical impact on chronic inflammation, which is key to HIV pathogenesis. Given this first evidence of a neurological mechanism with the potential to contribute to disease progression in HIV, future work will turn to understanding the mechanisms underlying these phenomena, and whether therapies targeted at restoring diminished vagal function could be of benefit in HIV.
